Abstract This research is continuation of the investigation of metal accumulation in native and transplanted moss Pleurozium schreberi in the most industrialized and affected region in Poland (Upper Silesia). We tested the hypotheses that in Upper Silesia transplants of P. schreberi may be used in a 90 days bioindication experiment in case native specimens are absent; a 90 days exposure of transplanted P. schreberi was long enough for evaluation of Hg pollution of the environment. An assay was carried out with native mosses at 27 polluted sites and mosses from an uncontaminated control site transplanted to the same 27 polluted sites. P. schreberi collected from the same sites as classified for more and less polluted basing on Pb and Zn concentrations show quite different pattern of pollution with mercury; The accumulation of Hg by the transplants increased much faster in the first 45 days of the experiment (accumulation factor 1.5-6.7; mean 3.4±0.5) in comparison with the second period from day 45 to 90 (accumulation factor 1.0-1.6; mean 1.2±0.1). The 90 days exposure of transplanted P. schreberi was long enough for evaluation of Hg pollution of the J Atmos Chem (2013) 
significantly less heavy metals than the same moss species transplanted to a polluted environment. We based our research on the simplified and modified bioindication method by Fernándèz et al. (2000) and continued the investigation (Kosior et al. 2010 ) of metal pollution in Upper Silesia. Mercury concentration in Pleurozium schreberi, transplanted from an unpolluted control site to an extremely polluted area in Upper Silesia, was compared with the bioconcentration of mercury in this species which grew naturally at the contaminated and control sites. We tested the hypotheses that in Upper Silesia transplants of P. schreberi may be used in a 90 days bioindication experiment in case native specimens are absent; a 90 days exposure of transplanted P. schreberi was long enough for evaluation of Hg pollution of the environment.
Materials and methods
We selected the terrestrial, carpet forming, pleurocarpous and ectohydric moss P. schreberi because it occurs widely in the Northern Hemisphere, including Poland. This species has been used successfully in recent decades and has proved to be a suitable bioindicator of inorganic substances and, therefore, has been widely used to map and control heavy metal pollution in European countries (Niemelä et al. 2007; Kosior et al. 2010 ).
Sampling design
Native moss samples in the polluted area were collected within a rectangular area of 80× 60 km 2 (Fig. 1 ). This area was divided into 48 squares of 10×10 km 2 (Kosior et al. 2010) . From these 48 squares, 27 were selected randomly. Within the central part (an area of 50× 50 m 2 ) of each of the selected 27 squares, 5 sub-squares of 2×2 m 2 , covered with P. schreberi, were selected randomly. Only the green parts of P. schreberi were sampled together with the topsoil (0-5 cm) from the anthropogenic sites and 0-5 cm from the control soil after removal of the L, F and H layers (having a total thickness of about 4 cm). Each plant and soil sample consisted of a mixture of three sub-samples. In each of these five 2×2 m 2 sub-squares, five randomly chosen places were cleaned from vegetation into which patches (20×20 cm 2 ) of P. schreberi (originating from the control site) were transplanted. The remaining part of the 2×2 m 2 sub-square was left covered with native P. schreberi. The total number of samples was N=28×5=140, including the five samples from the unpolluted control site between Sieniawa and Adamowka, 200 km east of Katowice and 112 km south of Lublin (50°13′03″ N; 22°43′53″E). Also within the control site, five 2×2 m 2 sub-squares were selected randomly into which patches (20×20 cm 2 ) of P. schreberi were transplanted in the same way as in the Upper Silesia area in order to control the influence of transplantation on metal accumulation. In the same sampling site of the control area, five samples of the topsoil (0-5 cm, each sample consisted of a mixture of three sub-samples) were taken, giving a total number of samples of N=28×5=140. The experiment lasted 90 days during which samples of native and transplanted P. schreberi were collected at time 0 (represented by the value in the moss at the control site from where the transplanted mosses were collected), 45 and 90 days. The exposure period was based on the experiments of Fernándèz and Carballeira (2001) , Brown and Beckett (1985) and Brown and Brumelis (1996) with transplanted Scleropodium purum, Rhytidiadelphus squarrosus and Hylocomium splendens respectively. In each site the moss samples were taken in five replications (each replication consisted of one patch of 20 cm×20 cm). From these patches samples were collected for determination of mercury at day 45 (2 patches of 10 × 10 cm in 5 replications, N = 10) and at day 90 (2 remaining patches of 10×10 cm in 5 replications, N=10). Each collected sample consisted of many moss individuals being representative for the whole site.
As required by the rules set by the Environmental Monitoring and Data Group (Markert et al. 1996) and within the European Heavy Metal Survey (ICP Vegetation 2005), the collected moss had not been exposed directly to canopy throughfall. Dead material, soil particles and litter were manually removed from the moss samples. The moss samples were not washed (Markert et al. 1996; ICP Vegetation 2005) .
Plant and soil analysis
Plant and soil samples were dried at 50°C to constant weight and homogenized in a laboratory mill. According to our previous experiment as well as Fernándèz et al. (2000) , Balarama Krishna et al. (2003) and Gupta et al. (2010) this temperature was low enough to prevent significant loss of mercury. Mercury was analysed using an AMA 254 Advanced Mercury Analyser. The accuracy of the methods for the determination of Hg was checked against M2 and M3 certified standard moss reference materials (Finnish Forest Research Institute) and an RTH 907 Dutch Anthropogenic Soil (WEPAL) certified reference material (Table 1 ).
Statistical analysis
Differences between the sampling sites in terms of Hg concentrations in soil and in the moss specimens were evaluated by ANOVA on log-transformed data to obtain normal distribution of features according to Zar (1999) . The normality of the analysed features was checked using Shapiro-Wilk's W test, and the homogeneity of variances was checked after transformation using the Brown-Forsythe test. All calculations were done with Statistica 10 software (StatSoft 2011).
Results and discussion
The soil and P. schreberi samples differed significantly in terms of mercury concentrations (ANOVA, p<0.05). The Hg concentrations in the control soil (0.02-0.03 mg . kg −1
) were typical average values (Kabata-Pendias 2001) and were significantly lower (t test, P<0.001) than in the Upper Silesia soil (0.04-0.3 mg . kg −1 ). The upper Hg concentration in the investigated area was also higher than 0.10 mg . kg −1 established by Adrianek and Skowronek (2005) for Upper Silesia soil. Because mosses are used as biomonitors of atmospheric pollution, analysis of soil was treated as an additional information about the level of contamination of the environment. We based this on the assumptions of Mersch and Reichard (1998) , Holoubek et al. (2000) and Sardans and Peñuelas (2005) that measuring concentrations of elements in plants is the best way to define the amount of elements available for accumulation and to determine the extent of environmental contamination (Čeburnis and Steinnes 2000) . The Hg concentrations in the moss P. schreberi from the control site (Table 2) were similar to those in P. schreberi (0.03-0.04 mg . kg −1 ) from non-polluted Alaska mountains (Migaszewski et al. 2010) , indicating that the control site we selected can be regarded as relatively free from the influence of anthropogenic pollution. Compared to the values of the control site, Hg concentrations were significantly higher in the native and transplanted plants from the Upper Silesia sites ( kg −1 at site 22 (Fig. 3) . Site 22 together with sites 23 and 27 were influenced by the complex of two power stations near Jaworzno. However site 22 with the highest concentration of Hg also in soil (0.3 mg . kg −1 ) was situated in the direction of the prevailing west winds (Sztyler 2005 ) from the agglomerations of Katowice, Świętochłowice and Sosnowiec. This area is known from the wastes being the biggest source of mercury pollution in the whole Upper Silesia (Michalska 2010) and is an additional source of Hg upon the coal industry. Additionally sites 23 and 27 were separated from the power stations by forests. Other sites with increased Hg concentrations were situated in the vicinity of a chemical plant (site 11) and metal smelters as well as power stations (sites 12-14) (Fig. 3) . Mercury is a natural component of coal, but despite its relatively small content of 100 to 150 μg Hg kg −1 , the combustion of hard coal contributes to a significant load of mercury in the environment. . Elemental mercury presented 96 % up to 99 % of the total gaseous mercury concentration in the air (Pyta et al. 2009 ). Increased Hg concentrations also characterized plants at site 3 (Fig. 2 ) situated in the main Zn-Pb ore mining and processing area located around Olkusz (Fig. 1 ) (Cabala et al. 2009 ). According to Bojakowska and Sokołowska (2002) , exploitation of these ores brings up to the surface about 530 kg of Hg per year. According to Fernándèz et al. (2000) , plants have a capacity to adapt to certain environmental conditions. His study proves that native moss in a polluted environment accumulate significantly less heavy metals than those of the same specimen transplanted from an unpolluted environment. Therefore, the transplanted specimen reflected a better level of contamination with metals as examined by the above-mentioned authors. Our results of Hg bioaccumulation were different.
In this investigation the concentration of Hg in the native plants from nearly all sites were always higher (Figs. 2 and 3 ) than in the transplanted mosses. This result indicates a possible adaptation mechanism which allowed P. schreberi to survive the accumulation of high mercury levels (Fernándèz et al. 2000) . According to Shaw (1994) and Guschina and Harwood (2002) , some specimens of mosses appear to have inherently a high level of metal tolerance, which permits them to colonize and thrive in metal-contaminated environments. The only exception was native moss at ten sites: 4-6, 8-9, 15, 18-19, 21, 26 . These ten sites contained the lowest concentrations of Hg in the native P. schreberi and there was no difference in accumulated Hg between native and transplanted plants (Figs. 2 and 3) . Throughout the exposure time, analysis of variance (ANOVA, P<0.05) showed no significant differences in Hg concentration in the native moss, whereas in the transplants the Figs. 2 and 3 Concentration of Hg in Pleurozium schreberi in Upper Silesia after 0-45-90 days of exposure in: 1) native moss and 2) transplanted moss . The concentration of metals on day 0 in the transplanted Pleurozium schreberi is represented by the value in mosses at the control site from which the transplanted mosses were collected differences were significant between 0-45-90 days of the experiment. The accumulation of metals by the transplants calculated as a ratio of concentrations at 45 days/0 days and 90 days/45 days increased much faster in the first 45 days of the experiment (accumulation factor 1.5-6.7, mean 3.4±0.5) in comparison with the second period from day 45 to 90 (accumulation factor 1.0-1.6 mean 1.2±0.1). The accumulation was the highest for Hg in P. schreberi from sites 3, 11-14, 22-24 and 27 containing the highest Hg concentration in the soils. The ratio
where I = percentage of increase in the concentration of Hg in relation to the concentration of this metal in transplants; C = concentration of Hg; N = time of measurement, N-1 time of previous measurement) showed that P. schreberi from more polluted sites accumulated 68 % Hg after 45 days. The same percentage ratio for P. schreberi from the less polluted sites 1-2, 4-10, 15-21, 25-26 after 45 days was 43 % (Fig. 4) . There was no significant difference for this ratio after 90 days of exposure. In a similar experiment but with different elements (Cr and Cu) Fernándèz and Carballeira (2001) also observed the highest level of bioconcentration in transplanted Scleropodium purum during the first 4 weeks, after which the accumulation tended to stabilize during the following 4 weeks, reaching a state of equilibrium. Similar results have been presented for the moss Rhytidiadelphus squarrosus by Brown and Beckett (1985) and for Hylocomium splendens by Brown and Brumelis (1996) . These results suggest that the exposure period of 90 days in the present investigation was long enough to enable a comparison of bioconcentration in transplanted and native P. schreberi (Fernándèz et al. 2000) . (3, 11-14, 22-24, 27 ) and less Hg polluted sites (1-2, 4-10, 15-21, 25-26) 
Conclusions
The 90 days exposure of transplanted P. schreberi was long enough for the evaluation of Hg pollution of the environment; transplants of P. schreberi may be used in a 90 days bioindication experiment in case native specimens are absent.
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